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Introduction {#sec005}
============

Retinitis pigmentosa (RP) is a clinical entity including genetically and phenotypically heterogenous groups of slowly progressive hereditary photoreceptor degeneration. Most patients with RP initially show rod-predominant degeneration and subsequently followed by cone degeneration. Clinically, they initially complain of photophobia and visual disturbance under dim circumstance followed by concentric constriction of the visual field due to progressive rod-predominant degeneration. As the disease progresses, decreased visual acuity and color blindness become obvious due to consecutive cone degeneration. Because the central visual field is important for daily life activity in most people, patients with RP tend to experience difficulty in their daily life activity once their central visual field becomes impaired. Therefore, assessing a patient's central visual function is important for developing a treatment program, evaluating the effects of treatment and explaining the disease status to patients.

Static visual field tests like the Humphry Field Analyzer^®^ (HFA; Carl Zeiss Meditec, Dublin, CA, USA) or Octopus Visual Field Analyzer^®^ (Haag-Streit Diagnostics, Mason, OH, USA) are probably the most frequently used to quantitatively evaluate the central visual function in patients with RP. Although static visual field tests theoretically provide exact visual sensitivities at preprogrammed visual field points, they require extensive concentration from patients and are greatly affected by the patient's general condition and levels of cooperation, as visual field tests have a psychophysical nature.

To overcome these potential problems, relationships between the structure and function have been extensively investigated in order to utilize the objective and quantitative parameters obtained from spectral-domain optical coherence tomography (SD-OCT) to assess the central retinal sensitivity of patients with RP \[[@pone.0232700.ref001]--[@pone.0232700.ref024]\]. Previously, among several quantitative parameters, the width of the inner segment ellipsoid zone (IS-EZ) \[[@pone.0232700.ref001], [@pone.0232700.ref003], [@pone.0232700.ref007], [@pone.0232700.ref008], [@pone.0232700.ref010], [@pone.0232700.ref013], [@pone.0232700.ref014], [@pone.0232700.ref018], [@pone.0232700.ref019], [@pone.0232700.ref021], [@pone.0232700.ref024]\] and thickness of the outer retinal layer \[[@pone.0232700.ref002], [@pone.0232700.ref004], [@pone.0232700.ref009], [@pone.0232700.ref012], [@pone.0232700.ref015], [@pone.0232700.ref020], [@pone.0232700.ref023]\] have been shown to be significantly correlated with the central visual sensitivity. However, in these quantitative analyses, the subjects should be restricted to patients with visual acuity better than a certain level or measurable structural changes for analyzing the correlation between structural parameters and the visual function \[[@pone.0232700.ref001], [@pone.0232700.ref009], [@pone.0232700.ref010], [@pone.0232700.ref012], [@pone.0232700.ref013], [@pone.0232700.ref015], [@pone.0232700.ref018], [@pone.0232700.ref020], [@pone.0232700.ref021]\]. In addition, while Sandberg et al. and Aizawa et al. have previously reported the correlation between the qualitative changes in time-domain OCT (TD-OCT) findings and central visual acuity in patients with RP \[[@pone.0232700.ref001], [@pone.0232700.ref007]\], the resolution of TD-OCT was limited compared with that of SD-OCT. Although these clinical studies have provided important information regarding the relationships between the structure and function, the precise structural changes obtained from SD-OCT have not been fully clarified, as human retinal tissue cannot be excised for a histopathological examination.

To overcome these points, animal models harboring homologous genetic mutations to human RP patients may provide some clues for understanding the relationship between SD-OCT images and their histopathological backgrounds caused by photoreceptor degeneration \[[@pone.0232700.ref025]\]. Based on these speculations, the findings from previously performed animal experiments have enabled us to correlate the pathological findings of photoreceptor degeneration with the findings from SD-OCT \[[@pone.0232700.ref025]--[@pone.0232700.ref030]\]. Common findings in model animals for human RP associated with various kinds of gene mutations include diffuse hyperreflective changes in the photoreceptor inner and outer segments (IS/OS) layer and thinning of the outer nuclear layer (ONL) \[[@pone.0232700.ref025]\]. As degeneration of the photoreceptor progresses, although the IS-EZ and interdigitation zone (IZ) are initially identified as two independent discrete lines, they gradually broaden and finally merge into a single diffuse hyperreflective zone in the IS/OS layer \[[@pone.0232700.ref026]--[@pone.0232700.ref028]\]. The diffuse hyperreflective changes in the IS/OS layer are considered to be the same phenomenon as merging of the IS-EZ and IZ \[[@pone.0232700.ref031]\]. We considered these characteristic changes in the IS/OS layer on SD-OCT observed in animal models of RP to be applicable for classifying the severity of morphologic changes in patients with RP in greater detail than those previously reported \[[@pone.0232700.ref001], [@pone.0232700.ref007]\]. Therefore, in the present study, we created a qualitative grading system according to severity of the IS/OS layer in SD-OCT images seen in patients with RP.

We analyzed the correlation between the qualitative severity grade and the variables of the central retinal sensitivity calculated from the visual acuity and results of an HFA. We additionally compared the qualitative severity grade with other quantitative parameters to examine the suitability of using the qualitative severity grade to evaluate the central retinal sensitivity in patients with RP.

Materials and methods {#sec006}
=====================

This study was a retrospective observational case series. The study protocols adhered to the tenets of the Declaration of Helsinki and were approved by the Institutional Review Board at the Hirosaki University (\#2017--1079). Written informed consent was obtained from all of the final participants in the study.

Subjects {#sec007}
--------

We reviewed the medical records of 130 patients with RP who were regularly examined at Hirosaki University Hospital between April 2017 and October 2019. The diagnosis of RP was based on the presence of night blindness, typical fundus features of RP (including mottled appearance of the mid-peripheral and/or peripheral fundi bilaterally with or without bone-spicule like pigmentary deposits), concentric visual field constriction and reduced or extinguished amplitudes of dark-adapted full-field standard electroretinography \[[@pone.0232700.ref032]\]. Of these 130 patients, 93 were considered eligible because they had undergone SD-OCT (Cirrus™ HD-OCT, Model 5000; Carl Zeiss Meditec) and been examined by the 10--2 SITA Standard Program of the HFA (HFA II 7501, Carl Zeiss Meditec) on the same day or during the same period at no more than 3 months apart.

We excluded eyes with epiretinal membrane, macular hole or retinoschisis, cystoid macular edema, severe opacity in the ocular media or ocular diseases other than RP. We also excluded patients whose HFA data showed fixation loss scores of ≥ 20% and/or a false-negative error ≥ 30%. For further analyses, we used 93 eyes of 93 patients. The median age (quartile) was 58 (24.5) years old, and the oldest patient was 85 years old and the youngest 12 years old. Forty-eight patients were female (female/male = 48/45). Based on the family history, the patients were classified as having autosomal dominant RP (n = 7), autosomal recessive RP (n = 5), X-linked RP (n = 1) and RP simplex (n = 80). Although the data of the right eye were basically used for analyses, if the right eye was not suitable for our analyses due to medical reasons mentioned among the exclusion criteria, then the data of the left eye were used.

Central retinal sensitivity {#sec008}
---------------------------

Variables of central retinal sensitivity consisted of the best-corrected visual acuity (BCVA), the averages of the visual sensitivities (dB) of the central 4 points (foveal sensitivity \[FS\]) \[[@pone.0232700.ref022]\] and the central 12 points (macular sensitivity \[MS\]) \[[@pone.0232700.ref022]\] of the 10--2 Program of the HFA and mean deviation (MD), as described in [Fig 1](#pone.0232700.g001){ref-type="fig"}. The BCVA was measured using a Landolt decimal visual acuity chart (TCU-500; Fuji Kogaku, Tokyo, Japan or VC-60; Takagi Seiko, Nakano, Japan) at 5 m or single Landolt cards (HP-1258; Handaya, Tokyo, Japan). The values of BCVA were converted to the logarithm of the minimum angle of resolution (logMAR). If the BCVA was Counting Fingers at 30 cm or Hand Motion level, the logMAR was set at 2.5 or 3.0, respectively.

![Fundus picture of a patient with RP overlaid by the same patient's 10--2 plots of HFA and circles with radii of 1.0 mm (A), 2.2 mm (B), 3.0 mm (C) and 6.0 mm (D). An outermost squire is the macular cube (6 × 6 mm) of SD-OCT.](pone.0232700.g001){#pone.0232700.g001}

[Fig 1](#pone.0232700.g001){ref-type="fig"} shows a fundus image overlaid with an example of the 10--2 program visual field test location. The FS and MS correspond to the retinal sensitivity within a circle with 1.0-mm radius (circle A) and within a circle of 2.2-mm radius (circle B), respectively. The MD value corresponds to the averaged retinal sensitivity within a circle with 3.0-radius (circle D).

Qualitative severity grading of SD-OCT findings {#sec009}
-----------------------------------------------

Based on the results from previous animal experiments regarding the relationship between the histologic and ultrastructural findings of photoreceptor degeneration and corresponding SD-OCT features \[[@pone.0232700.ref025]--[@pone.0232700.ref030]\], we classified patients' horizontal and vertical sections of SD-OCT images into five severity grades mainly focused on the structure of the IS/OS layer. The definition of these five grades were as follows: grade 1, almost normal foveal structure or a sharply defined IS-EZ and IZ at the foveal center; grade 2, partial hyperreflective change in the IS/OS layer of the foveal region or a broadened IZ and/or IS-EZ without merging; grade 3, diffuse hyperreflective changes in the IS/OS layer or broad IS-EZ changes in the foveal region or merging of the broadened IS-EZ and IZ; grade 4, remnants of the IS/OS-like structure on the retinal pigment epithelium (RPE); grade 5, absent IS/OS-like structure.

The typical examples of SD-OCT figures are shown in [Fig 2](#pone.0232700.g002){ref-type="fig"}. Two experienced masked graders (AH and MN) independently evaluated patients' SD-OCT figures according to the criteria described above. If there were discrepancies between the graders' evaluation, the two graders discussed their opinions to reach a final common grade. For statistical analyses, we regarded the grade numbers (1--5) as semiquantitative severity scales for further calculations (IS/OS severity grade).

![Sample SD-OCT pictures indicating each severity grade.\
Definition of grades: grade 1, almost a normal foveal structure or sharply defined IS-EZ and IZ at the foveal center (yellow arrow); grade 2, partial hyperreflective changes in the IS/OS layer of the foveal region or a broadened IZ (yellow arrow) and/or IS-EZ without merging; grade 3, diffuse hyperreflective changes in the IS/OS layer or broad IS-EZ changes in the foveal region or merging of the broadened IS-EZ and IZ (yellow arrow); grade 4, remnants of the IS/OS-like structure on the retinal pigment epithelium (yellow arrow); grade 5, absent IS/OS-like structure (yellow arrow).](pone.0232700.g002){#pone.0232700.g002}

Quantitative parameters of SD-OCT findings {#sec010}
------------------------------------------

As quantitative parameters of patients' SD-OCT images, we manually measured the width of the IS-EZ (μm), the thickness of the IS/OS layer (μm) at the central fovea and the thickness of the ONL (μm) at the center of the fovea using horizontal sections of patients' SD-OCT images ([Fig 3](#pone.0232700.g003){ref-type="fig"}) and ImageJ^®^ software program (U.S. National Institute of Health, Bethesda, MA, USA). The IS-EZ width was defined as the horizontal distance between the temporal and nasal boarders of the IS-EZ where the IS/OS contour disappeared. If the IS-EZ was longer than 6,000 μm, the value was fixed at 6,000 μm. The IS/OS layer thickness was defined as the distance between the external limiting membrane (ELM) and the superficial boarder of RPE, as the photoreceptor inner and outer segments are normally located in the space between ELM and RPE. The ONL thickness was defined as the distance between the deep boarder of the outer plexiform layer and ELM. If there were no obvious findings of the IS-EZ, IS/OS layer or ONL to be measured on an SD-OCT image, we assigned each parameter a value of 0.

![Diagrams of quantitative SD-OCT parameters.\
1, width of inner segment ellipsoid zone (IS-EZ); 2, thickness of photoreceptor inner and outer segments (IS/OS) layer; 3, thickness of the outer nuclear layer (ONL).](pone.0232700.g003){#pone.0232700.g003}

In addition, we adopted the averages of the central retinal thickness (CMT, μm) in the 1-mm (circle A, [Fig 1](#pone.0232700.g001){ref-type="fig"}) and 3-mm (circle C, [Fig 1](#pone.0232700.g001){ref-type="fig"}) circles (thickness from the inner limiting membrane \[ILM\] to RPE) in patients' SD-OCT data. We also used the averages of the retinal volume (mm^2^) and thickness (μm) of the macular cube (6 × 6 mm, from ILM to RPE) in patients' SD-OCT data ([Fig 1](#pone.0232700.g001){ref-type="fig"}).

Statistical analyses {#sec011}
--------------------

Statistical analyses were performed using the SPSS version 26 software (Statistical Package for the Social Science, IBM Corp, Armonk, NY, USA). The Shapiro-Wilk test was used to assess the normality of the distribution of all acquired data sets. The agreement of severity grade between two graders was assessed by intraclass correlation coefficients (ICC, class 2) using the κ coefficient, and κ \> 0.61 was considered as the threshold for substantial agreement. Values of variables reflecting the central retinal sensitivity in each qualitative severity grade group were compared by a one-way analysis of variance using the Kruskal-Wallis test, followed by Bonferroni's test as a *post hoc* multiple comparison analysis. A Spearman's correlation rank test was used to examine the association between the qualitative severity grade score or quantitative parameters of SD-OCT images and variables reflecting the central retinal sensitivity, and 0.40 \< \|ρ\| ≤ 0.7 was prespecified as "well correlated" while 0.7 \< \|ρ\| \< 1.0 was considered as "highly correlated". While, strictly speaking, the qualitative severity grade score is not an interval scale but an ordinal scale, we considered that the qualitative severity grade score to be treatable as a semi-interval scale followed by assessment by the Spearman's correlation rank test.

In addition, a step-wise multiple regression analysis was performed to identify which qualitative or quantitative parameters of SD-OCT images most strongly influenced each of the variables of the central retinal sensitivity. In this analysis, we also considered the qualitative severity grade score as a semi-interval scale and applied a multiple regression analysis as well. *P* \< 0.05 was considered statistically significant.

Results {#sec012}
=======

Demographic features of the study eyes {#sec013}
--------------------------------------

The demographic data of the study eyes are summarized in [Table 1](#pone.0232700.t001){ref-type="table"}. Because most of the data did not show a normal distribution, the data are presented as median (quartile). Raw data of the quantitative parameters of the patients' SD-OCT findings and the variables of the central retinal sensitivities are presented in [S1](#pone.0232700.s003){ref-type="supplementary-material"} and [S2](#pone.0232700.s004){ref-type="supplementary-material"} Tables. For the qualitative IS/OS severity grade, patients were distributed as follows: grade 1, n = 13; grade 2, n = 33; grade 3, n = 16; grade 4, n = 20; and grade 5, n = 11 ([S3 Table](#pone.0232700.s005){ref-type="supplementary-material"}).

10.1371/journal.pone.0232700.t001

###### Characteristics of the 93 patients with RP.

![](pone.0232700.t001){#pone.0232700.t001g}

  ----------------------------- ----------------
  Patients, n                   93
  Sex, female (%)               48 (51.6)
  Age                           58 (24.5)
  Central Retinal Sensitivity   
  BCVA, logMAR                  0.22 (0.61)
  FS, dB                        26.00 (21.00)
  MS, dB                        20.75 (23.25)
  MD, dB                        -22.84 (17.00)
  Parameters of SD-OCT          
  IS/OS severity grade          2.00 (3.00)
  IS-EZ width, μm               2065 (3332)
  IS/OS thickness, μm           52.50 (41.25)
  ONL thickness, μm             85.00 (70.00)
  CMT in 1mm, μm                235.00 (90.00)
  CMT in 3mm, μm                276.44 (66.67)
  Cube volume, mm2              8.90 (1.90)
  Cube thickness, μm            248.00 (51.00)
  ----------------------------- ----------------

Values are given median (quartile) except patient number and age.

Abbreviations: BCVA, best corrected visual acuity; FS, foveal sensitivity; MS, macular sensitivity; MD, mean deviation of HFA 10--2; IS/OS, inner segment/outer segment; IS-EZ, inner segment ellipsoid zone; ONL, outer nuclearlayer; CMT, central macular thickness.

Correlation between structure and function {#sec014}
------------------------------------------

The median values of the BCVA, FS, MS or MD in each qualitative IS/OS severity group were significantly different (*P* \< 0.001, Kruskal-Wallis test). The relationships using box plots between values reflecting the central retinal function and the qualitative IS/OS severity grades are presented in [Fig 4](#pone.0232700.g004){ref-type="fig"}. Regarding the BCVA, the median value in grades 3 was significantly better than that in grade 4 (*P* \< 0.001, Bonferroni's test, [Fig 4](#pone.0232700.g004){ref-type="fig"}). Regarding the FS and MS, the median values in grades 2 and 3 were significantly greater than those in grades 3 and 4, respectively (*P* = 0.003, FS, grade 2 vs. grade 3; *P* \< 0.001, FS, grade 3 vs. grade 4, MS, grade 2 vs. grade 3, grade 3 vs. grade 4, Bonferroni's test, [Fig 4](#pone.0232700.g004){ref-type="fig"}). Regarding the MD, the median values in grades 1 and 2 were significantly greater than those in grades 2 and 3, respectively (*P* = 0.004, grade 1 vs. grade 2; *P* = 0.032, grade 2 vs. grade 3, Bonferroni's test, [Fig 4](#pone.0232700.g004){ref-type="fig"}). Given the results shown in [Fig 4](#pone.0232700.g004){ref-type="fig"} apparently reflecting the central retinal function were correlated with the qualitative IS/OS severity grade, we considered it reasonable that the qualitative IS/OS severity grade was considered as a semi-quantitative value.

![Box plots showing the distributions of values of variables concerning the central visual function in each grade of the qualitative IS/OS severity grade.\
A, BCVA, B, foveal sensitivity (FS), C, macular sensitivity (MS) and D, mean deviation (MD) of the 10--2 program of the HFA. The median value of each group is shown by the transverse line, and the box indicates the quartile range. Statistical significance; \*, *P* \< 0.05; \*\*. *P* \< 0.01; \*\*\*, *P* \< 0.001.](pone.0232700.g004){#pone.0232700.g004}

The results of the Spearman's correlation analyses for the qualitative and quantitative parameters of SD-OCT and variables of central retinal sensitivity are shown in [Table 2](#pone.0232700.t002){ref-type="table"}. The qualitative severity grade score (IS/OS severity grade) was significantly highly (\|ρ\| \> 0.7) correlated with the BCVA (ρ = 0.741, *P* \< 0.001), FS (ρ = ^−^0.844, *P* \< 0.001) and MS (ρ = −0.820, *P* \< 0.001). In addition, the IS-EZ width was significantly highly correlated with the FS (ρ = 0.742, *P* \< 0.001) and MS (ρ = 0.765, *P* \< 0.001), the IS/OS thickness was significantly highly correlated with the BCVA (ρ = −0.734, *P* \< 0.001), and the ONL thickness was significantly highly correlated with FS (ρ = 0.731, *P* \< 0.001). Overall, the IS/OS severity grade, IS-EZ width, IS/OS thickness and ONL thickness showed "better than well" correlation with the BCVA, FS, MS and MD ([Table 2](#pone.0232700.t002){ref-type="table"}). Although CMTs in 1- and 3-mm circles were well correlated (0.40 \<\|ρ\| ≤ 0.7) with most of the variables of the central retinal sensitivity, the macular cube volume and thickness did not show meaningful correlations with any of these variables ([Table 2](#pone.0232700.t002){ref-type="table"}). Plot diagrams showing the correlations between the qualitative IS/OS severity grade and the variables of central retinal sensitivity are presented in [Fig 5](#pone.0232700.g005){ref-type="fig"}, and both the qualitative and quantitative parameters and the variables of central retinal sensitivity are shown in [S1](#pone.0232700.s001){ref-type="supplementary-material"} and [S2](#pone.0232700.s002){ref-type="supplementary-material"} Figs.

![Plot diagrams showing correlations between the qualitative IS/OS severity grade and variables of the central retinal function, A, BCVA, B, foveal sensitivity (FS), C, macular sensitivity (MS) and D, mean deviation (MD) of the 10--2 program of the HFA.](pone.0232700.g005){#pone.0232700.g005}

10.1371/journal.pone.0232700.t002

###### Correlations between parameters of SD-OCT and central retinal sensitivity.

![](pone.0232700.t002){#pone.0232700.t002g}

                         BCVA     FS        MS       MD                                    
  ---------------------- -------- --------- -------- --------- -------- --------- -------- ---------
  IS/OS severity grade   0.741    \<0.001   −0.844   \<0.001   −0.820   \<0.001   −0.681   \<0.001
  IS-EZ width            −0.665   \<0.001   0.742    \<0.001   0.765    \<0.001   0.646    \<0.001
  IS/OS thickness        −0.734   \<0.001   0.691    \<0.001   0.657    \<0.001   0.539    \<0.001
  ONL thickness          −0.668   \<0.001   0.731    \<0.001   0.666    \<0.001   0.534    \<0.001
  CMT in 1mm             −0.493   \<0.001   0.586    \<0.001   0.584    \<0.001   0.407    \<0.001
  CMT in 3mm             −0.337   0.001     0.475    \<0.001   0.472    \<0.001   0.342    0.001
  Cube volume            −0.139   0.183     0.207    0.047     0.235    0.023     0.203    0.052
  Cube thickness         −0.140   0.182     0.209    0.044     0.236    0.022     0.205    0.049

ρ, correlation coefficient of a Spearman\'s correlation analysis; P-value, two-tailed P values \< 0.05 were considered statistically significant.

Abbreviations: BCVA, best-corrected visual acuity; FS, foveal sensitivity; MS, macular sensitivity; MD, mean deviation of HFA 10--2.

Multiple regression analysis {#sec015}
----------------------------

We performed step-wise multiple regression analyses while taking all qualitative and quantitative parameters into account to identify factors affecting the variables of central retinal sensitivity. The results are summarized in [Table 3](#pone.0232700.t003){ref-type="table"}. In model 1, only the IS-OS severity grade was selected as the most strongly influencial parameter for each of the four variables. In model 2, in addition to the IS/OS severity grade, CMT in 1 mm central circle (circle A in [Fig 1](#pone.0232700.g001){ref-type="fig"}) and the IS-EZ width were chosen as explanatory parameters for the BCVA and MD, respectively. In Model 3, in addition to the parameters selected in Model 2, the ONL thickness was adopted as an explanatory factor for the BCVA. For FS and MS, no other parameters than the IS/OS severity grade were adopted as explanatory parameters.

10.1371/journal.pone.0232700.t003

###### Multiple regression analyses of parameters influencing central visual sensitivity.

![](pone.0232700.t003){#pone.0232700.t003g}

         Model 1                Model 2   Model 3                                                                             
  ------ ---------------------- --------- --------- ---------------------- -------- --------- ---------------------- -------- ---------
  BCVA   IS/OS severity grade   0.659     \<0.001   IS/OS severity grade   0.809    \<0.001   IS/OS severity grade   0.633    \<0.001
                                                    CMT in 1mm             0.247    0.012     CMT in 1mm             0.402    \<0.001
                                                                                              ONL thickness          −0.388   0.002
  FS     IS/OS severity grade   −0.820    \<0.001                                                                              
  MS     IS/OS severity grade   −0.820    \<0.001                                                                              
  MD     IS/OS severity grade   −0.674    \<0.001   IS/OS severity grade   −0.388   0.001                                     
                                                    IS-EZ width            0.374    0.002                                      

β, standardized partial regression coefficient of multiple regression analyses.

Agreement of grading between graders {#sec016}
------------------------------------

The ICC analysis between 2 independent graders for grading qualitative severity of the IS/OS layer in SD-OCT pictures revealed a κ of 0.70 (match rate = 77.5%), indicating substantial agreement between the graders ([S3 Table](#pone.0232700.s005){ref-type="supplementary-material"}).

Discussion {#sec017}
==========

In this study, we developed a qualitative grading system for the severity of photoreceptor IS/OS degeneration recorded in SD-OCT images and examined the validity of the IS/OS severity grade in assessing the central retinal sensitivity of patients with RP. Although Sandberg et al. \[[@pone.0232700.ref001]\] and Aizawa et al. \[[@pone.0232700.ref007]\] have previously reported a qualitative grading system focusing on the morphologic changes of the IS/OS line (IS-EZ) using TD-OCT, their classifications were consisted of only three grades, and the resolution of TD-OCT is far below that of currently available SD-OCT. While there have been many reports regarding quantitative parameters, including the IS-EZ width, IS/OS thickness, ONL thickness and CMT in a 1-mm circle, that were found to be significantly correlated with the central visual sensitivity in patients with RP \[[@pone.0232700.ref001]--[@pone.0232700.ref024]\], this is the first report dealing with the qualitative evaluation of the IS/OS layer of SD-OCT images in patients with RP and statistically comparing it to other quantitative parameters. Although we confirmed that these quantitative parameters were significantly correlated with the central retinal sensitivity, our results further showed that the qualitative IS/OS severity grade was significantly highly correlated with the BCVA, FS and MS and revealed that the IS/OS severity grade the most highly influenced variables of the central retinal sensitivity, including BCVA, FS, MS and MD. Since Sandberg et al. and Aizawa et al. have previously reported that their qualitative severity grades using TD-OCT correlated with the BCVA \[[@pone.0232700.ref001], [@pone.0232700.ref007]\], it can be said that our current results using SD-OCT confirmed their results.

We contrived the current qualitative grading system based on the findings of previous SD-OCT studies using several animal models for human RP harboring known genetic mutations \[[@pone.0232700.ref025]--[@pone.0232700.ref031]\]. The objectives of these studies included identifying the background histologic and ultrastructural characteristics behind certain abnormal features of SD-OCT. Although SD-OCT noninvasively reveals fine structural changes in the retina, the precise pathological changes corresponding to certain abnormal findings of SD-OCT have been unclear, as it is impossible to perform histologic analyses of patients with RP. The information obtained from previous animal studies have been useful for speculating on the histologic and ultrastructural changes in human RP patients. The SD-OCT findings of these animal models have shown that the diffuse hyperreflective changes in the IS/OS layer and the thinning of the ONL layer are common abnormal findings of photoreceptor degeneration, regardless of the genetic mutations \[[@pone.0232700.ref025], [@pone.0232700.ref031]\]. The diffuse hyperreflective changes can be attributed to the phenomenon of broadening of the IS-EZ and IZ, resulting in their merging into a single hyperreflective band occupied in the IS/OS layer \[[@pone.0232700.ref026]--[@pone.0232700.ref028]\]. Although Joe et al. reported that the merging of the IS-EZ and IZ (like hyperreflective changes in the IS/OS layer) appeared to be an initial sign of retinal degeneration before the appearance of obvious structural and functional abnormalities \[[@pone.0232700.ref031]\], diffuse hyperreflective changes were observed even in the later stages of retinal degeneration where the photoreceptor outer segments were severely disorganized \[[@pone.0232700.ref025], [@pone.0232700.ref026], [@pone.0232700.ref028]--[@pone.0232700.ref030]\]. To summarize previous animal experiments, not only partial disarrangement of photoreceptor discs but also severely disorganized photoreceptor inner and outer segments lead to diffuse hyperreflective changes in the IS/OS layer in SD-OCT. Normally, the IS/OS layer is packed with regularly arranged IS and OS. This compactness may create optical uniformity and result in the hyporeflectivity in the space between IS-EZ and IZ in SD-OCT. We speculate that when this compactness is disordered by even mild pathologic changes in the IS/OS layer, the optical uniformity is lost and, consequently, the IS/OS layer becomes diffusely hyperreflective on SD-OCT \[[@pone.0232700.ref025]--[@pone.0232700.ref031]\]. We, therefore, concluded that the hyperreflective changes in the IS/OS layer or broad IS-EZ and/or IZ changes were a nonspecific sign of photoreceptor IS/OS degeneration, and covered a wide variety of pathologic changes, from mild to severe disorganization of the photoreceptor IS/OS, regardless of the causative gene mutations \[[@pone.0232700.ref025]--[@pone.0232700.ref031]\]. For these reasons, we selected hyperreflective changes in the IS/OS layer as a qualitative marker of photoreceptor IS/OS degeneration.

In the present study, the distribution of patient's severity appeared to slightly vary in grades 2--4 (Figs [4](#pone.0232700.g004){ref-type="fig"} and [5](#pone.0232700.g005){ref-type="fig"}). We considered these phenotypic variations to be due to the phenomenon of hyperreflective changes in the IS/OS layer comprising a wide variety of morphologic changes due to photoreceptor degeneration \[[@pone.0232700.ref025]--[@pone.0232700.ref031]\].

Our qualitative IS/OS severity grading system is simple and easy to use and may be useful for evaluating, to some extent, the retinal sensitivity in the central area in patients with RP. While static perimetry is necessary for assessing the patients' exact visual function, the findings may be influenced by the patients' general condition, their ability to concentrate and their level of understandings as it is basically a psychophysical examination. Conversely, because SD-OCT is an objective test, it is scarcely influenced by such subjective factors. Although SD-OCT cannot replace static perimetry, it may be a useful complementary test for assessing not only the structural but also the functional aspects of the retina in patients with RP.

Several limitations associated with the present study warrant mention. First, because this study was a retrospective cross-sectional study, the progression of RP was not considered. Future study should explore whether or not SD-OCT can reflect the progressive velocity of RP. Second, we did not consider patients' genetic heterogeneity. There is some variation in the overall severity among inheritance patterns and causative genes \[[@pone.0232700.ref033]\]. However, we did not perform a genetic study of the participants in the present study. Because most participants (86%) seemed to be simplex RP based on their family histories, we were unable to differentiate their exact inheritance patterns. Third, the reproducibility of the results of the visual field test may not be completely assured. Because the visual field test is basically a psychophysical examination, it is greatly influenced by patient's cooperation. To minimize this issue, we selected patients who underwent HFAs regularly in our clinic and were expected to be used to the assessment. Fourth, the validity of the current qualitative grading system should be further examined. Although the IS/OS severity grade was shown to most strongly influence the central retinal sensitivity among parameters of SD-OCT in this study, there may be a more suitable qualitative severity grade system. In addition, the proper combinations of qualitative and quantitative parameters may more accurately indicate patients' retinal sensitivity than individual parameters. Further studies will be needed to clarify these points.

In conclusion, the qualitative IS/OS severity grade system that we proposed in this report is simple and easy to perform and was most significantly correlated with the central retinal sensitivity among quantitative parameters of SD-OCT images that we examined. The qualitative IS/OS severity grade can be potentially applied to patients with wider variety of severity than the previously reported quantitative parameters covered. While patients' actual severity can vary within the same grade assignment, this severity grade can be used as a complementary evaluation of the central retinal sensitivity in patients with RP.

Supporting information {#sec018}
======================

###### Plot diagrams showing correlations between the SD-OCT parameters, qualitative IS/OS severity grade, IS-EZ width and IS/OS layer thickness, and variables of the central retinal function, BCVA, foveal sensitivity (FS), macular sensitivity (MS) and mean deviation (MD) of the 10--2 program of the HFA.

(TIF)

###### 

Click here for additional data file.

###### Plot diagrams showing correlations between SD-OCT parameters, ONL thickness, central macular thickness (CMT) in 1.0- and 3.0-mm circles, and variables of the central retinal function, BCVA, FS, MS and MD of the 10--2 program of the HFA.

(TIF)

###### 

Click here for additional data file.

###### Raw data for the quantitative parameters of SD-OCT findings.

(PDF)

###### 

Click here for additional data file.

###### Raw data for the central retinal sensitivity.

(PDF)

###### 

Click here for additional data file.

###### Raw data for evaluation of the qualitative IS-OS severity grade by the two graders and final agreement.

(PDF)

###### 

Click here for additional data file.
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**Comments to the Author**

1\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

Reviewer \#2: Partly

\*\*\*\*\*\*\*\*\*\*

2\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: No

\*\*\*\*\*\*\*\*\*\*

3\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: In this manuscript, Hara et al. present a paper analyzing OCT findings and retinal sensitivity as measured by HVF in 93 patients with RP. While the study of retinal function and OCTs has been previously described in the literature, the authors present a qualitative assessment of SD-OCT as categorized into 5 stages. The statistical analysis is sound and the conclusions are appropriately drawn.

1\. In table 2, the authors present a negative Spearman correlation coefficient between foveal sensitivity and CMT at 1mm. This would imply that increases in central macular thickness would correlate with decreases in foveal sensitivity. This is not consistent with the correlations found in CMT at 3mm. The supplemental data suggests this correlation is positive. If it is indeed negative, a justification or explanation should be provided.

2\. The authors describe a 5-stage categorization of SD-OCTs in this manuscript that has similarities to the three-stage grading system described in 2009 by Aizawa et al. A comparison to this previously described study should be included in the discussion section.

Overall considerations

Hara et al. have prepared a manuscript describing a set of OCT thickness and their correlation with measures of retinal sensitivity as measured by HVF. The authors suggest a qualitative staging system for SD-OCTs in patients with RP, however this study does have some similarities to the study by Aizawa et al. in 2009. Similarities and differences between the two should be discussed and afterwards this manuscript may be considered as a validation study of prior reports.

Reviewer \#2: The authors defined a new severity criteria to classify the OCT findings in RP patients, and showed that the grades are highly correlated with central visual status. This is an interesting study, but there are several points that should be addressed to improve the study.

1\. The authors defined the OCT severity grade based on the their previous laboratory study to compare the OCT image and histological findings. They focused on hyper-reflective changes of EZ in OCT of RP patients (i.e. grade 2 and 3); however, the histological findings that correspond to EZ hyper-reflectance is unclear from the description of the current Ms. In Page 12, the authors described that "the hyperreflective changes in the IS/OS layer or ... were a nonspecific sign of photoreceptor IS/OS degeneration". It is unclear what is "nonspecific sign". I would like to know what histological findings (Light or electron microscopy) correspond to the hyper-reflective changes of EZ.

2\. They showed the representative severity grade of OCT findings in Fig. 2. However, it is difficult to know how they define the "hyper-reflective EZ". Any internal control (e.g. the reflectivity of ILM/ELM/RPE or others) to determine the "hyper-reflectance" of EZ? The differences between partial (grade 2) vs. diffuse (grade 3) hyper-reflective changes are also unclear. The authors should provide more objective and concrete methods that can be repeated by independent researchers/clinicians.

3\. The relationships between severity grade in OCT (grade 1-5) and visual function (VA, FS, MS, and MD) were assessed by Spearman's correlation rank test. It would be reasonable to analyze continuous variables (e.g. retinal sensitivity, EZ lengths, retinal thickness, etc.) in Spearman's correlation test, but applying this statistics to non-continuous variables (i.e. grade 1-5) is not appropriate.

4\. The work imply that qualitative OCT severity grade is more strongly correlated with macular function rather than qualitative parameters (i.e. EZ width, IS/OS thickness, ONL thickness, CMT, etc.). However, as described above, qualitative and quantitative values cannot be directly compared. In addition, in clinical settings, quantitative, rather than qualitative, values are usually considered to be more objective and deemed appropriate for outcome measures. I wonder what is the rationale to propose ambiguous grading system rather than using objective and continuous measurements such as EZ length and ONL thickness. Please justify the rationale to use subjective grading.

5\. Fig. 3. Thickness of photoreceptor IS/OS layer were indicated the arrow 2. However, the bar seems to indicate the length between ELM (but not EZ) to RPE. The method how they define IS/OS thickness should be described.
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6\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No
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Responses to the reviewers' comments

Reviewer \#1

1\. In table 2, the authors present a negative Spearman correlation coefficient between foveal sensitivity and CMT at 1mm. This would imply that increases in central macular thickness would correlate with decreases in foveal sensitivity. This is not consistent with the correlations found in CMT at 3mm. The supplemental data suggests this correlation is positive. If it is indeed negative, a justification or explanation should be provided.

Response

It was our mistake and the correlation coefficient of this particular portion was indeed a positive correlation. I have corrected Table 2 in the revised version of the manuscript.

2\. The authors describe a 5-stage categorization of SD-OCTs in this manuscript that has similarities to the three-stage grading system described in 2009 by Aizawa et al. A comparison to this previously described study should be included in the discussion section.

Responses

As pointed out by the reviewer, Aizawa et al. \[7\] and Sandberg et al. \[1\] have previously discussed the qualitative severity grades using time-domain OCT (TD-OCT). We have included their previous reports and further discussed the difference between the findings obtained from their previous studies and those from our current analysis using SD-OCT with far better visibility than TD-OCT.

To clarify these points, we have added sentences "In addition, while Sandberg et al. and Aizawa et al. have previously reported the correlation between the qualitative changes in time-domain OCT (TD-OCT) findings and central visual acuity in patients with RP \[1, 7\], the resolution of TD-OCT was limited compared with that of SD-OCT." in L88-91 in P4, "We considered these characteristic changes in the IS/OS layer on SD-OCT observed in animal models of RP to be applicable for classifying the severity of morphologic changes in patients with RP in greater detail than those previously reported \[1, 7\]. " in L107-110 in P5, "Although Sandberg et al. \[1\] and Aizawa et al. \[7\] have previously reported a qualitative grading system focusing on the morphologic changes of the IS/OS line (IS-EZ) using TD-OCT, their classifications were consisted of only three grades, and the resolution of TD-OCT is far below that of currently available SD-OCT." in L279-283 in P12, and "Since Sandberg et al. and Aizawa et al. have previously reported that their qualitative severity grades using TD-OCT correlated with the BCVA \[1, 7\], it can be said that our current results using SD-OCT confirmed their results." in L292-294, in P13 of the revised manuscript.

Overall considerations

Hara et al. have prepared a manuscript describing a set of OCT thickness and their correlation with measures of retinal sensitivity as measured by HVF. The authors suggest a qualitative staging system for SD-OCTs in patients with RP, however this study does have some similarities to the study by Aizawa et al. in 2009. Similarities and differences between the two should be discussed and afterwards this manuscript may be considered as a validation study of prior reports.

Responses

As mentioned in the above section, we have discussed the similarities and differences between the previous studies reported Aizawa et al. and Sandberg et al. \[1, 7\] in the Introduction and Discussion sections in L88-91 in P4, L107-110 in P5, L279-283 in P12, and L292-294, in P13 of the revised manuscript. We have added references 7 and 8 in the revised manuscript.

Reviewer \#2

1\. The authors defined the OCT severity grade based on their previous laboratory study to compare the OCT image and histological findings. They focused on hyper-reflective changes of EZ in OCT of RP patients (i.e. grade 2 and 3); however, the histological findings that correspond to EZ hyper-reflectance is unclear from the description of the current Ms. In Page 12, the authors described that "the hyperreflective changes in the IS/OS layer or ... were a nonspecific sign of photoreceptor IS/OS degeneration". It is unclear what is "nonspecific sign". I would like to know what histological findings (Light or electron microscopy) correspond to the hyper-reflective changes of EZ.

Responses

To more clearly explain the light and electron microscopic findings of the photoreceptor IS/OS degeneration in the animal experiments, we have added the following sentences to the revised manuscript, "As degeneration of the photoreceptor progresses, although the IS-EZ and interdigitation zone (IZ) are initially identified as two independent discrete lines, they gradually broaden and finally merge into a single diffuse hyperreflective zone in the IS/OS layer \[26-28\]. The diffuse hyperreflective changes in the IS/OS layer are considered to be the same phenomenon as merging of the IS-EZ and IZ \[31\]. We considered these characteristic changes in the IS/OS layer on SD-OCT observed in animal models of RP to be applicable for classifying the severity of morphologic changes in patients with RP in greater detail than those previously reported \[1, 7\]." in L103-110 in P5 in the Introduction section, "and "The diffuse hyperreflective changes can be attributed to the phenomenon of broadening of the IS-EZ and IZ, resulting in their merging into a single hyperreflective band occupied in the IS/OS layer \[26-28\]." In L306-308 in P13, and "To summarize previous animal experiments, not only partial disarrangement of photoreceptor discs but also severely disorganized photoreceptor inner and outer segments lead to diffuse hyperreflective changes in the IS/OS layer in SD-OCT. Normally, the IS/OS layer is packed with regularly arranged IS and OS. This compactness may create optical uniformity and result in the hyporeflectivity in the space between IS-EZ and IZ in SD-OCT. We speculate that when this compactness is disordered by even mild pathologic changes in the IS/OS layer, the optical uniformity is lost and, consequently, the IS/OS layer becomes diffusely hyperreflective on SD-OCT \[25-31\]." in L312-320 in P13-14 in the Discussion section.

Regarding the words "nonspecific sign", to further explain the meaning, we have changed the sentences into "We, therefore, concluded that the hyperreflective changes in the IS/OS layer or broad IS-EZ and/or IZ changes were a nonspecific sign of photoreceptor IS/OS degeneration, and covered a wide variety of pathologic changes, from mild to severe disorganization of the photoreceptor IS/OS, regardless of the causative gene mutations \[25-31\]." in L320-323 in P14.

2\. They showed the representative severity grade of OCT findings in Fig. 2. However, it is difficult to know how they define the "hyper-reflective EZ". Any internal control (e.g. the reflectivity of ILM/ELM/RPE or others) to determine the "hyper-reflectance" of EZ? The differences between partial (grade 2) vs. diffuse (grade 3) hyper-reflective changes are also unclear. The authors should provide more objective and concrete methods that can be repeated by independent researchers/clinicians.

Responses

We have added the introduction of background research findings regarding the formation of the diffuse hyperreflective change in the IS/OS layer as "As degeneration of the photoreceptor progresses, although the IS-EZ and interdigitation zone (IZ) are initially identified as two independent discrete lines, they gradually broaden and finally merge into a single diffuse hyperreflective zone in the IS/OS layer \[26-28\]." in L103-105, and "We considered these characteristic changes in the IS/OS layer on SD-OCT observed in animal models of RP to be applicable for classifying the severity of morphologic changes in patients with RP in greater detail than those previously reported \[1, 7\]." in L107-110 in P5 in the Introduction section, as mentioned above.

In addition, to clarify the difference between grades 2 and 3, we have changed the definition of grades 1-3 as "The definition of these five grades were as follows: grade 1, almost normal foveal structure or a sharply defined IS-EZ and IZ at the foveal center; grade 2, partial hyperreflective change in the IS/OS layer of the foveal region or a broadened IZ and/or IS-EZ without merging; grade 3, diffuse hyperreflective changes in the IS/OS layer or broad IS-EZ changes in the foveal region or merging of the broadened IS-EZ and IZ" in L165-170 in P7. We have also added yellow arrows in Fig 2 to help readers easily identify the findings, and changed the legend of Fig 2 as "Sample SD-OCT pictures indicating each severity grade. Definition of grades: grade 1, almost a normal foveal structure or sharply defined IS-EZ and IZ at the foveal center (yellow arrow); grade 2, partial hyperreflective changes in the IS/OS layer of the foveal region or a broadened IZ (yellow arrow) and/or IS-EZ without merging; grade 3, diffuse hyperreflective changes in the IS/OS layer or broad IS-EZ changes in the foveal region or merging of the broadened IS-EZ and IZ (yellow arrow); grade 4, remnants of the IS/OS-like structure on the retinal pigment epithelium (yellow arrow); grade 5, absent IS/OS-like structure (yellow arrow)." in L469-475 in P19, to help the putative readers understand more easily.

3\. The relationships between severity grade in OCT (grade 1-5) and visual function (VA, FS, MS, and MD) were assessed by Spearman's correlation rank test. It would be reasonable to analyze continuous variables (e.g. retinal sensitivity, EZ lengths, retinal thickness, etc.) in Spearman's correlation test, but applying this statistics to non-continuous variables (i.e. grade 1-5) is not appropriate.

Responses

We have added the box plots as a new Fig 4 to show the relationship between the variables reflecting visual function (BCVA, FS, MS and MD) and the severity grade in SD-OCT. And we also performed ANOVA using a Kruskal-Wallis test following a Bonferroni's test as a post hoc multiple comparison analysis to compare the median value in each score group. Since Fig 4 A-D indicated that these variables appeared to be well correlated with the severity score, we considered that our 5-grade severity score can be treatable as a semi-interval scale and applied a Spearman's correlation rank test. To clarify these points, we have added the sentences "Values of variables reflecting the central retinal sensitivity in each qualitative severity grade group were compared by a one-way analysis of variance using the Kruskal-Wallis test, followed by Bonferroni's test as a post hoc multiple comparison analysis." in L203-206 in P8, "While, strictly speaking, the qualitative severity grade score is not an interval scale but an ordinal scale, we considered that the qualitative severity grade score to be treatable as a semi-interval scale followed by assessment by the Spearman's correlation rank test." in K210-212 in P8, and "The median values of the BCVA, FS, MS or MD in each qualitative IS/OS severity group were significantly different (P \< 0.001, Kruskal-Wallis test). The relationships between values reflecting the central retinal function and the qualitative IS/OS severity grades are presented in Fig 4. Regarding the BCVA, the median value in grades 3 was significantly better than that in grade 4 (P \< 0.001, Bonferroni's test, Fig 4). Regarding the FS and MS, the median values in grades 2 and 3 were significantly greater than those in grades 3 and 4, respectively (P = 0.003, FS, grade 2 vs. grade 3; P \< 0.001, FS, grade 3 vs. grade 4, MS, grade 2 vs. grade 3, grade 3 vs. grade 4, Bonferroni's test, Fig 4). Regarding the MD, the median values in grades 1 and 2 were significantly greater than those in grades 2 and 3, respectively (P = 0.004, grade 1 vs. grade 2; P = 0.032, grade 2 vs. grade 3, Bonferroni's test, Fig 4). Given the results shown in Fig 4 apparently reflecting the central retinal function were correlated with the qualitative IS/OS severity grade, we considered it reasonable that the qualitative IS/OS severity grade was considered as a semi-quantitative value." in L230-242 in P9-10 in the Results section.

4\. The work imply that qualitative OCT severity grade is more strongly correlated with macular function rather than qualitative parameters (i.e. EZ width, IS/OS thickness, ONL thickness, CMT, etc.). However, as described above, qualitative and quantitative values cannot be directly compared. In addition, in clinical settings, quantitative, rather than qualitative, values are usually considered to be more objective and deemed appropriate for outcome measures. I wonder what is the rationale to propose ambiguous grading system rather than using objective and continuous measurements such as EZ length and ONL thickness. Please justify the rationale to use subjective grading.

Responses

As mentioned in the above section, the newly added box plot in Fig 4 indicated that these variables appeared to be well correlated with the severity score, we considered that our 5-grade severity score can be treatable as a semi-interval scale and applied a multiple regression analysis. We tried the validity of the qualitative severity grade by comparing to other quantitative parameters by a common test. To clarify this point, we have added a sentence "In this analysis, we also considered the qualitative severity grade score as a semi-interval scale and applied a multiple regression analysis as well." in L215-216 in P8.

As was pointed out by the reviewer, quantitative parameters are usually considered to be more objective and reasonable to handle for a comparison study in the clinical settings. However, in the previously reported quantitative analyses, the subjects were restricted only to patients with visual acuity better than a certain level or measurable structural changes. Consequently, they excluded patients with poor visual acuity or those without measurable IS/EZ width and/or IS/OS thickness on OCT. The rationale to propose the current qualitative severity grade is that this scoring system can basically be applied to patients with RP having any kind of severity and can be easily performed by any clinical ophthalmologists.

To clarify these points, we have added a sentence "However, in these quantitative analyses, the subjects should be restricted to patients with visual acuity better than a certain level or measurable structural changes for analyzing the correlation between structural parameters and the visual function \[1, 9, 10, 12, 13, 15, 18, 20, 21\]." in L85-88 in P4, and a sentence "The qualitative IS/OS severity grade can be potentially applied to patients with wider variety of severity than the previously reported quantitative parameters covered." in L357-359 in P15.

In addition, the reason why our severity grading system is simple and easy (see L356-360 in P15) is that we can just take a look at and focus on the SD-OCT findings in the central foveal portion. To indicate this point, we have added yellow arrows in Fig 2.

5\. Fig. 3. Thickness of photoreceptor IS/OS layer were indicated the arrow 2. However, the bar seems to indicate the length between ELM (but not EZ) to RPE. The method how they define IS/OS thickness should be described.

Responses

I understand that the photoreceptor inner segment consists of the myoid at the inner portion and the ellipsoid at the outer portion and that the myoid area locates adjacent to the external limiting membrane (ELM). Since the distal tip of the photoreceptor outer segment attaches the inner surface of the RPE, the thickness of the photoreceptor inner and outer segment (IS/OS) layer is defined as the distance between ELM and the inner surface of the RPE. According to this definition, we measured the length between ELM and RPE to obtain the thickness of the IS/OS layer. If the distance between EZ and RPE was measured, the length of the inner segment myoid area was missed and consequently the obtained value would not represent the IS/OS thickness. I believe that the arrow 2 in Fig 3 is correct and it does not need to be changed.

To clarify this point, we have added a phrase "as the photoreceptor inner and outer segments are normally located in the space between ELM and RPE." in L187-188 in P7.
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Dear Dr. Nakazawa,

We are pleased to inform you that your manuscript has been judged scientifically suitable for publication and will be formally accepted for publication once it complies with all outstanding technical requirements.

Within one week, you will receive an e-mail containing information on the amendments required prior to publication. When all required modifications have been addressed, you will receive a formal acceptance letter and your manuscript will proceed to our production department and be scheduled for publication.
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Reviewer \#2: All comments have been addressed
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2\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#2: (No Response)
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3\. Has the statistical analysis been performed appropriately and rigorously?
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4\. Have the authors made all data underlying the findings in their manuscript fully available?
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